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Abstract
We report on preliminary results for the production of neutral
mesons by 750 MeV/c pi− on complex nuclear targets (C, Al, Cu)
and hydrogen. Our simultaneous measurement of pi0, 2pi0, and η fi-
nal states allows an investigation of the nuclear final-state-interaction
effects. The data show that nuclear absorption is mainly responsi-
ble for an observed change in the shape of the 2pi0 invariant mass
spectra. Our preliminary result for the σ → γγ branching ratio is
BR(σ → γγ) < 3.6× 10−3 × φ at 90% C.L. on a carbon target, where
φ is the fraction of 2pi0 produced via the σ intermediate state.
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1 Introduction
The modification of hadron properties in nuclear matter is a major topic in
nuclear studies. Of special importance is chiral restoration because it is a
significant milestone on the long path which goes from quark confinement in
nuclei at ordinary density and temperature to the high density and temper-
ature of the quark–gluon plasma. Major changes are expected to occur for
the f0(400 − 1200), or “σ” state, when it is produced on a nucleus even for
low atomic number A, rather than on a nucleon. The σ is the symbol for the
correlated pipi system in the J = I = 0 state. It plays an important role in
the intermediate range NN interaction [1]. The quantum numbers of the σ
make it the chiral partner of the pion. Under chiral restoration, the σ and pi
should have degenerate masses, which implies that the σ should have a large
reduction in mass when approaching chiral restoration.
The interest in σ medium modifications was fanned in a major way by
a 1996 CHAOS publication [2] in which they reported on a measurement of
the invariant mass spectrum of the pi+pi− system (mpi+pi−) that was produced
by pi+ interactions in complex nuclei. The mpi+pi− spectrum near 2mpi was
reported as “close to zero for A = 2, and increases dramatically with increas-
ing A”. A marked A–dependent peak at about 2mpi was interpreted by the
CHAOS collaboration as follows: “the experimental results indicate that nu-
clear matter strongly modifies the pipi interaction in the J = I = 0 channel”.
The complete mpi+pi− spectra for complex nuclei reported by CHAOS were
stunningly similar to theoretical predictions of medium modifications made
by Schuck et al. [3] and Chanfray et al. [1]. It started a cascade of papers on
σ medium modifications [4, 5, 6, 7, 8, 9, 10] and played a prominent role in
two recent workshops [11, 12]. There were no new experimental data until
the Crystal Ball Collaboration made a careful search for a peak near 2mpi
in the more favorable 2pi0 spectra produced by pi− interactions. The four
photons in the 2pi0 final state were detected with the Crystal Ball detector,
which has a near 4pi acceptance and detects pi0’s down to zero kinetic energy.
There was no indication of the CHAOS peak [13]. In the meantime, Bonutti
et al. hinted that the CHAOS peak was at least in part an artifact caused
by the limited acceptance of the CHAOS detector [14].
The CHAOS Collaboration has shifted its interest to a change in the
shape of the mpi+pi− spectra obtained on complex targets [15]. They proclaim
new, different evidence for nuclear medium modifications from the shape
of the ratio of mpi+pi− for different targets. However, the difference in the
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Figure 1: On the left is a schematic diagram of the Crystal Ball detector.
On the right are the dimensions of a typical individual crystal.
slope of the mpi+pi− spectra for different A can be due to two very different
mechanisms. One is the difference in interaction of the outgoing particles
inside the nucleus. The other one is a generic change in the shape to lower
mpipi because of σ medium modifications.
We present new data on 2pi0, pi0, and η production by pi− of 750 MeV/c
that may help in investigating these two possibilities. Specifically, the fol-
lowing reactions have been studied: A(pi−, pi0pi0)X0, A(pi−, η)X0 (via the
η → γγ decay mode), and A(pi−, pi0)X0, where A is H, C, Al, or Cu. We will
show experimental similarities and differences that have been found for the
reactions above. Our principal focus will be on the reaction A(pi−, pi0pi0)X .
2 Experimental method
Photons from pi0 and η decays were detected with the Crystal Ball (CB)
multiphoton spectrometer (see Fig. 1). It is constructed of 672 optically iso-
lated NaI(Tl) crystals that cover 93% of 4pi sterad. Electromagnetic show-
ers in the spectrometer are measured with an energy resolution σEs.d./E ∼
1.7%/(E (GeV))0.4; the angular resolution for photon showers at energies
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50–500 MeV is σθs.d. = 2
◦–3◦ in the polar angle and σφs.d. = 2
◦/ sin θ in the
azimuthal angle. Here σs.d. is the standard deviation for a Gaussian distri-
bution. The neutral final states were distinguished from charged ones by a
veto barrel made of four plastic scintillation counters that covered the ac-
tive volume of the CB. Most of our results presented here were obtained for
the neutral final states. The charged final states were used to calculate the
experimental corrections due to photon conversion and nuclei breakup.
The experiment was performed in the C6 beam line of the Brookhaven
National Laboratory AGS. The centroid of the beam momentum is known to
better than 1%. We used three solid targets: C (3.44 g/cm2), Al (1.69 g/cm2),
and Cu (1.51 g/cm2). A 10 cm–long liquid hydrogen target (LH2) was used
for the hydrogen data presented here.
The reaction A(pi−, pi0pi0)X0 was identified from events with four clus-
ters. Two-cluster events were used to select the reactions A(pi−, η)X0 and
A(pi−, pi0)X0. See Refs. [13, 16] for more details on the experimental appa-
ratus, data analysis, and the Monte Carlo simulation for acceptance calcula-
tions. In order to facilitate comparisons for different targets, we calculated
an “effective missing mass” for each nuclear target, given by
Mtarget(A) =M(A,Z)−M(A− 1, Z − 1), (1)
where M(A,Z) is the mass of the target nucleus, M(A − 1, Z − 1) is the
mass of the residual nucleus, and Z is the atomic number of the target nu-
cleus. Missing mass spectra for hydrogen as well as the effective missing mass
spectra for nuclear targets were calculated for all three reactions assuming
“quasifree” production.
3 Study of pi0pi0 production
The missing mass distributions of 2pi0 events obtained with the LH2 target as
well as the spectra of the effective missing mass for different nuclear targets
are presented in Fig. 2. A sharp neutron peak with width σs.d. ≈ 35 MeV is
seen in case of the hydrogen target. For the solid targets this peak broadens
substantially. Some of the broadening is explained by the Fermi momen-
tum of the target nucleons. Our Monte Carlo calculations indicate that the
broadening is mainly due to nuclear effects such as pi0 rescattering inside the
nucleus. Our calculations of the pion rescattering and absorption used the
model developed in Ref. [17]. To select 2pi0 events with minimum rescattering
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Figure 2: Left: Missing-mass distribution for 2pi0 events from hydrogen and
effective-missing-mass distributions on C, Al, and Cu. Right: Missing-mass
distribution for single pi0 events from hydrogen and effective-missing-mass
distributions from C, Al, and Cu. The dashed lines show our cuts to be
applied to the effective missing mass.
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distortions, we applied the effective-missing-mass cuts indicated in Fig. 2 by
the two vertical dashed lines. The resulting 2pi0 invariant mass distributions,
both with and without the missing mass cut, are given in Fig. 3. All spectra
are compatible with a smooth distribution; i.e., there is no sharp peak. The
broad maximum atmpi0pi0 ≈ 510 MeV obtained for the hydrogen target disap-
pears for carbon and other nuclear targets. Our invariant-mass distributions
for C, Al, and Cu targets obtained without the cuts on the effective missing
mass show broad maxima for 2pi0 masses below 400 MeV. The distributions
obtained for C and Al become almost flat between 300 MeV and 480 MeV
after the application of the effective-missing-mass cuts.
The kinetic-energy spectra of the pi0pi0 system are shown in Fig. 4 for
our targets. The spectra differ markedly for various targets. The angular
distributions for the 2pi0 system in the laboratory for different targets are
shown in Fig. 4. The shapes of the angular distributions have similar features
such as the broad maximum at about 25◦ for all targets including hydrogen.
The minor increase in the broadness of the maxima as a function of A can
be explained by the Fermi momentum of the target protons. Neither the
distribution of the kinetic energy nor the angular distributions were corrected
for the Crystal Ball acceptance. The acceptance is a rather flat and smooth
function of the kinetic energy and the lab angle.
To probe the net effect of the nuclear medium, we have investigated the
cross sections as a function of A. To trace the disappearance of the high
mass peak near 500 MeV in the invariant mass spectra, we have divided all
distributions in Fig. 3 as indicated into a low–mass region (between 270 MeV
and 445 MeV) and a high–mass region (above 445 MeV). The angular Θlab
distributions were used to calculate integrated cross sections, σlowint and σ
high
int ,
for both mass regions as well as the total integrated cross section σint. As-
suming that the nuclear dependence of the cross section is proportional to
the geometrical factor λgeom, where
λgeom = A
2/3Z
A
= ZA−1/3, (2)
we normalized our cross sections to λgeom and to the hydrogen cross section,
σint(H), combining them into the ratio R:
R =
σ(pi−A→ pi0pi0X)
σ(pi−p→ pi0pi0n)
×
A1/3
Z
. (3)
The results for σlowint , σ
high
int , and σ
total
int for C, Al, and Cu are shown in Fig. 5
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Figure 3: Left: Preliminary 2pi0 invariant-mass distributions obtained for
H, C, Al, and Cu without the cuts on the effective missing mass. The spec-
tra have been corrected for the small variation in the CB acceptance. Only
statistical uncertainties are shown. The dashed lines indicate the “low” and
“high” invariant-mass regions used for the calculation of σint. Right: Pre-
liminary 2pi0 invariant-mass distributions obtained with the effective-missing-
mass cuts indicated in Fig. 2. The spectra have been corrected for the CB
acceptance. The same correction was used as in the left figure. Only statis-
tical uncertainties are shown.
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Figure 4: Left: Kinetic energy distribution of the pi0pi0 system. Right: An-
gular distribution in the laboratory of the pi0pi0 system. Neither distribution
is corrected for the small variation in the Crystal Ball acceptance. The ac-
ceptance is a smooth function of the kinetic energy and the lab angle. Only
statistical uncertainties are shown.
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Figure 5: Left: Ratios of normalized 2pi0 total cross sections as a function
of A2/3. The result for σlowint is shown by crosses, σ
high
int by diamonds, and σ
total
int
by triangles. Right: Ratios of normalized η total cross sections as a function
of A2/3. Statistical and 30% systematical uncertainties have been added in
quadrature for both distributions. The systematical uncertainty originates
mainly from the loss of the good events that appear in the charged mode
due to photon conversion in the targets and/or charged products of nuclear
reactions hitting the veto-barrel counters. The results are preliminary.
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Figure 6: Invariant-mass distributions of two photons for H (upper) and Cu
(lower) targets after subtraction of the empty-target contribution, which is
only a few percent.
as a function of A2/3. It can be seen that σlowint remains rather constant and
close to the expectation based on Eq. 2, which is shown in Fig. 5 by a straight
line. In contrast, the σhighint cross section falls off very rapidly from hydrogen
to carbon; i.e., the maximum at about 510 MeV seen in the pi0pi0 invariant
mass spectra (see Fig. 3) is absorbed rather than shifted toward lower masses.
For higher A’s the σhighint remains nearly constant. In summary, Fig. 5 shows
that mainly high–mass 2pi0 events are absorbed by nuclear medium effects,
whereas low mass events are less effected. In the case of pi0∆0 production,
the events may be absorbed via the ∆N → NN mechanism.
4 Study of η production
Though pi0 and η mesons are similar in some aspects e.g., they both are
pseudoscalar mesons with JPC = 0−+, they also have relevant differences in
isospin and in quark composition. It is therefore very attractive to compare
the behavior of pi0 and η mesons in nuclear matter. The theoretical interest
has been discussed by Y. S. Golubeva et al. [18].
All η results in this section are preliminary. The data were obtained from
the η → 2γ decay mode. Figure 6 shows the 2γ invariant mass spectra for
the H and Cu targets. The first peak in the spectrum is due to pi0 (width
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Figure 7: Left: Missing-mass distributions for η → 2γ events on hydrogen
and effective-missing-mass distributions for C, Al, and Cu. Right: Angular
distribution of η → 2γ events. The distributions have not been corrected for
the Crystal Ball acceptance. Only statistical uncertainties are shown.
σs.d. ≈ 11.5 MeV), and the second peak is due to η (σs.d. ≈ 18.0 MeV).
The background under the pi0 and η peaks is associated mainly with pho-
ton/neutron misidentification. In the case of copper, some additional back-
ground arises from products of nuclei breakup and recoil interactions.
The missing-mass and the effective-missing-mass distributions for η pro-
duction are shown in Fig. 7. A nearly background-free neutron peak can be
seen for hydrogen. The widening of the peaks towards lower values of the
effective missing mass for carbon and other nuclear targets is less dramatic
than for the pi0pi0 case. It can be explained mainly by the nucleon Fermi
momentum. It indicates that η’s are less affected by rescattering than pions.
A similar behavior is observed in the η angular distribution in the laboratory
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system (see Fig. 7). The η angular distribution in the lab for hydrogen at
this momentum is limited to about 40◦ by kinematics. It peaks at about 38◦
due to the Jacobian. For the solid targets, the angular distributions slightly
exceed the two–body kinematical limit because of the Fermi momentum. At
750 MeV/c, the CB acceptance for this reaction is smooth and uniform.
By integrating the angular distributions, we obtained integrated cross
sections σint for the H, C, Al, and Cu targets. σint was normalized to λgeom
and to the hydrogen data. The results shown in Fig. 5 indicate that the η
cross section falls from H to C, and it is lower than the expectation based
on the geometrical factor (see Eq. 2). It confirms the large ηN absorption
cross section observed in earlier η photoproduction experiments [19]. From
a comparison of the ratios in Fig. 5, one may conclude that the behavior of
σint(η) is remarkably similar to that obtained for the σ
high
int (pi
0pi0) ratio.
We summarize the results of this section as follows:
1. The shape of the η missing mass is little influenced by nuclear media
(see Fig. 7).
2. A strong η absorption in nuclear targets was observed (see Fig. 5).
5 Study of single pi0 production
Single pi0 production is the predominant reaction among the three we have
studied. In the case of hydrogen, the charge-exchange reaction (CEX) is well
understood in terms of conventional piN phase-shift analyses. For nuclear
targets, however, CEX is accompanied by strong secondary reactions that
lead to a large fraction of single pi0 produced in reactions other than direct
CEX. One of the contributing reactions is ∆0 production via pi−p → pi0∆0.
The ∆0 can be rescattered or absorbed on other nucleons, e.g., ∆N → NN ,
and the reaction ends with a single pi0. In that case, the missing mass would
be equal to the mass of the ∆0. Figure 2 shows the single-pi0 missing mass and
the effective-missing-mass spectra for neutral two-cluster events. Compared
to hydrogen, a substantial broadening of the “quasi-elastic” peak can be seen
in Fig. 2 for all nuclear targets. This broadening reflects a large probability
for the pi0 to rescatter inside the nuclei. In contrast to the hydrogen data,
the C, Al, and Cu effective-missing-mass data show a second maximum at
masses of about 1200 MeV. Such maxima can be partially attributed to
pi0∆0 production followed by ∆0 absorption in nuclei. This observation is
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Figure 8: Left: Preliminary results for the angular distributions of single-
pi0 events. Right: Preliminary results for the distributions of the pi0 kinetic
energy for different targets. On both plots the open diamonds show the
distributions without the effective-missing-mass cuts, and the solid circles
show the distributions with the cuts. None of the distributions have been
corrected for the variation in the Crystal Ball acceptance. Only statistical
uncertainties are shown.
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in agreement with the conclusions of Sec. 3 regarding the absorption of 2pi0
events in nuclei.
For some applications it may be desirable to separate partly the secondary
processes from the “quasi-elastic” CEX events by applying the cuts on the
effective missing mass. The influence of those to-some-extent arbitrary cuts
in the angular distribution and the pions kinetic energy is shown in Fig. 8.
The distributions are not corrected for the Crystal Ball acceptance. The
CB acceptance is smooth and an uniform function between 30◦ and 150◦.
The acceptance for pi0 drops very rapidly below 30◦ and above 150◦, due
to the entrance and exit tunnels. In the angular distribution obtained for
hydrogen, a clear backward peak is seen. The peak disappears for the other
targets. A similar behavior for single pi0 production on carbon was found by
R. J. Peterson et al. [20]. For a two–body kinematic process, the backward
peak in the pi0 angular distribution corresponds to pions with kinetic energy
of about 200 MeV. The peak is clearly seen in the single-pi0 kinetic-energy
distribution for hydrogen (see Fig. 8). The peak disappears for carbon and
other nuclear targets, which indicates a large probability for the absorption
of pi0’s with kinetic energy of about 200 MeV. A possible mechanism for such
absorption is the formation of a ∆ inside nuclei in pi0N interactions followed
by ∆ absorption.
6 Upper limit for BR(σ → 2γ) decay in nu-
clear media
The diphoton decay σ → 2γ in hadronic matter has been evaluated in Ref. [7]
from optimized perturbation theory. The σ → 2γ decay is interesting because
the photons are not affected by final-state interactions. Despite the low
branching ratio, it might be possible to see the decay experimentally if there
is a prominent σ enhancement at low invariant mass in the nuclear medium.
The main background is the thermal annihilation of two pions, pi+pi− → 2γ.
We obtained the upper limit for BR(σ → 2γ) in carbon by comparing
the γγ invariant-mass spectra of the hydrogen and carbon targets. Some
additional cuts were applied to the spectra shown in Fig. 6 to reduce the low
invariant mass background. The final spectra obtained for the hydrogen and
carbon targets are shown in Fig. 9. The hydrogen spectrum is normalized to
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Figure 9: Left: γγ invariant-mass spectra obtained for hydrogen and carbon
targets. The hydrogen spectrum is normalized to carbon in the area around
180 MeV. Right (top): the difference between spectra of the left figure.
Right (bottom): The Monte Carlo results are shown. The γγ invariant-
mass spectrum for σ → 2γ decay in carbon was generated according to
Ref. [7].
carbon in the area next to the pi0 peak (at around 180 MeV). The difference
taken between those spectra is compared to our Monte Carlo results in Fig. 9.
The Monte Carlo results generated according to the prediction by Chiku and
Hatsuda [7] were used to calculated the CB acceptance. With 148 ± 48
σ → 2γ event candidates obtained, 1.6 × 104 2pi0 events detected for the
carbon target, and ≈ 15 % acceptance, we calculate the upper limit for
BR(σ → 2γ) in carbon to be 3.6 × 10−3 × φ at 90% C.L., where φ is the
fraction of 2pi0 that is produced via the σ intermediate state. See the talk
by one of us (B.M.K.N.) in these proceedings for more details regarding the
σ contribution.
7 Summary and Conclusions
New preliminary measurements of pi0, 2pi0, and η production on hydrogen
and complex nuclear targets (C, Al, Cu) by pi− at 750 MeV/c are reported.
1. The data at 750 MeV/c show that absorption rather than medium
effects is responsible for the change in the shape of the 2pi0 invariant
15
mass spectra.
2. The preliminary upper limit, BR(σ → γγ) < 3.6× 10−3φ at 90% C.L.,
has been obtained for σ → γγ on a carbon target at 750 MeV/c.
References
[1] G. Chanfray, Z. Aouissat, P. Schuck, and W. No¨renberg, Phys. Lett. B
256, 325 (1991).
[2] F. Bonutti et al., Phys. Rev. Lett. 77, 603 (1996).
[3] P. Schuck, W. No¨renberg, and G. Chanfray, Z. Phys. A 330, 119 (1988).
[4] Z. Aouissat, G. Chanfray, P. Schuck, and J. Wambach, Phys. Rev. C
61, 012202 (2000).
[5] D. Jido, T. Hatsuda and T. Kunihiro, Phys. Rev. D 63, 011901 (2000).
[6] T. Hatsuda, T. Kunihiro, and H. Shimizu, Phys. Rev. Lett. 63, 2840
(1999).
[7] S. Chiku and T. Hatsuda, Phys. Rev. D 58, 076001 (1998).
[8] R. Rapp et al., Phys. Rev. C 59, R1237 (1999).
[9] T. Hatsuda et al., Phys. Rev. Lett. 82, 2840 (1999).
[10] M. J. Vicente Vacas and E. Oset, Phys. Rev. C 60, 064621 (1999).
[11] B. Buballa et al. (Editors): Proceedings of the Int. Workshop XXVIII on
Gross Properties of Nuclei and Nuclear Excitations, Hirschegg, Austria,
Jan 16-22, 2000, Gesellschaft fu¨r Schwerionenforschung (GSI), Darm-
stadt, ISSN 0720–8715 (2000).
[12] S. Ishida et al. (Editors): YITP Sigma Meson Workshop (June 2000)
Japan. Proceedings at http://amaterasu.kek.jp/YITPws.
[13] A. Starostin et al., Phys. Rev. Lett. 85, 5539 (2000).
[14] F. Bonutti et al., Nucl. Phys. A677, 213 (2000).
16
[15] P. Camerini et al., Phys. Rev. C 64, 067601 (2001).
[16] A. Starostin et al., Phys. Rev. C 64, 055205 (2001).
[17] J. Hu¨ffner and M. Thies, Phys. Rev. C 20, 273 (1979).
[18] Y. S. Golubeva et al., Nucl. Phys. A562, 389 (1993).
[19] M. Ro¨big–Landau et al., Phys. Lett. B 373, 45 (1996).
[20] R. J. Peterson et al., Phys. Lett. B 297, 238 (1992).
17
